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Abstract The IQ motif is widely distributed in both myosins
and non-myosins and is quite common in the database that
includes more than 900 Pfam entries. An examination of IQ
motif-containing proteins that are known to bind calmodulin
(CaM) indicates a wide diversity of biological functions that
parallel the Ca2+-dependent targets. These proteins include a
variety of neuronal growth proteins, myosins, voltage-operated
channels, phosphatases, Ras exchange proteins, sperm surface
proteins, a Ras Gap-like protein, spindle-associated proteins and
several proteins in plants. The IQ motif occurs in some proteins
with Ca2+-dependent CaM interaction where it may promote
Ca2+-independent retention of CaM. The action of the IQ motif
may result in complex signaling as observed for myosins and the
L-type Ca2+ channels and is highly localized as required for sites
of neuronal polarized growth and plasticity, fertilization, mitosis
and cytoskeletal organization. The IQ motif associated with the
unconventional myosins also promotes Ca2+ regulation of the
vectorial movement of cellular constituents to these sites.
Additional regulatory roles for this versatile motif seem
likely. ß 2002 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
1.1. Calcium-dependent calmodulin (CaM) regulation
CaM mediates the e¡ects of Ca2, a major cellular second
messenger, promoting highly localized calcium signaling that
regulates molecular motor activity, cytoskeletal organization,
mitosis and many other aspects of cell function [1^3]. The
discovery of CaM and many of its subsequent target proteins
was based on activation by Ca2 and inhibition by EGTA
[4,5]. Ca2-dependent signaling depends on increases in the
Ca2/CaM complex that produces activation by increasing
the binding a⁄nity or catalytic potency of target proteins.
The Ca2-dependent CaM-binding proteins often possess a
region that is characterized by a basic, often amphipathic,
helix consisting of approximately 20 amino acids. These re-
gions possess critical hydrophobic residues at positions 1, 8
and 14 and frequently an additional hydrophobic contact at
position 5 [6^9]. Tryptophan residues are sometimes present,
but are not essential. Basic amino acids are distributed
throughout the motif and often £ank the critical hydrophobic
residues. A completely new form of partially Ca2-dependent
and -independent CaM interaction with the gating domain of
the Ca2-activated K channel has recently been described
[10], and certainly other binding arrangements remain to be
de¢ned. The protein sequence of CaM is highly conserved and
identical among vertebrates, but the Ca2/CaM-binding re-
gions of its targets exhibit low homology and little sequence
dependence. This probably re£ects individual evolutionary
routes to acquisition of CaM regulation with each target pro-
tein displaying variants of a fundamentally common binding
region.
1.2. Ca2+-independent CaM regulation
Although the ¢rst CaM-dependent proteins to be identi¢ed
were Ca2-dependent, other proteins interacting with CaM in
a Ca2-independent manner were eventually identi¢ed [11,12].
When cellular Ca2 is low, CaM exerts its e¡ects on these
proteins via the Ca2-free form or ‘apocalmodulin’ [13]. Apo-
calmodulin has been found to interact with unconventional
myosins such as intestinal brush border myosin I and with
neuromodulin (GAP 43/P-57) which has a lower a⁄nity for
CaM in the presence of Ca2 [14].
The nature of the Ca2-independent binding sites responsi-
ble for CaM recognition has been elucidated primarily by
studies of the interaction of the myosin light chains with con-
ventional, class II myosin in conjunction with sequence anal-
ysis of unconventional myosins [15^17]. The two light-chain-
binding regions of the conventional myosin neck region are
highly speci¢c. These sites bind the essential (ELC) and the
regulatory (RLC) myosin light chain, respectively. The ELC
and RLC belong to a large EF-hand family of proteins that
includes CaM and troponin C. However, they lack most of
their original divalent-cation binding [18,19]. The ELC-bind-
ing site of the conventional myosin (IQXXXRGXXXR) is
referred to as the ‘IQ’ motif (from the ¢rst two conserved
residues) [20]. The ¢rst residue of the motif is variable as
seen in conventional myosin II. Generally, position 1 is am-
biguous for Ile, Leu or Val, (Met, Phe and Thr may be in-
cluded for certain myosins) with possibly one exception [21];
position 11 can be either Arg or Lys; and position 7 is am-
biguous for several residues as seen in myosins and PEP-19.
Thus, the sequence [I,L,V]QXXXRXXXX[R,K] represents a
more generalized IQ motif. Most of the IQ motifs present in
vertebrate myosins and neuronal proteins (i.e. neuromodulin,
PEP-19) have an additionally conserved hydrophobic residue
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at position 14 that is not predicted to participate in binding of
the light chain [22], but may be essential for other functions.
The IQ motif may be de¢ned by additional residues using
Pro¢le Hidden Markov models built from motif alignments
[23] that may include two or three partially conserved alanine
residues located N-terminal to the primary motif. How
di¡erent IQ motifs select between di¡erent members of
the EF-hand family of proteins is currently not well under-
stood. The properties of the IQ motif are summarized in
Table 1.
In some instances, IQ motif-containing proteins have been
shown to bind to CaM or EF-hand proteins in a Ca2-depen-
dent manner. These include utrophin, Ras GRF1 (Ras gua-
nine nucleotide-releasing factor), Nina C myosins, calcium-
vector target protein and others. In the case of Ras GRF1,
Nina C and utrophin, the IQ motif also conforms to the
Ca2-dependent 1-5-8-14 motif. In others the IQ motif may
function in conjunction with a Ca2-dependent motif.
Pattern and pro¢le searches of the current protein data-
bases for IQ motif-containing proteins, which retain the es-
sential motif across species, yielded some previously identi¢ed
proteins and additionally others that may bind CaM. These
sequences are listed in Table 2 (also see Pfam Protein Families
Database). They include myosins, sodium and calcium chan-
nels, EF-hand-containing protein phosphatases, an IQ-GAP
protein, spindle pole or centrosomal proteins, transient recep-
tor potential (Trp) proteins, plant cyclic nucleotide-regulated
channels and ethylene-inducible proteins, and a variety of
other proteins. The signi¢cance of the IQ motif in some of
these proteins remains to be determined. These proteins
should provide further insight into the regulatory role of
CaM or other EF-hand proteins acting via the IQ motif.
1.3. IQ-motif functions in myosins
Myosins are a very large and diverse group of actin-depen-
dent motor molecules that contribute to many forms of eu-
karyotic motility. They harness the energy of ATP hydrolysis
to produce directed mechanical force along actin ¢laments.
Nearly all myosins contain between one and seven IQ motifs
that follow directly the conserved motor domain sequences.
This domain is called the light chain-binding domain (LCBD).
Often, CaM is associated with these IQ motifs, but the IQ
motifs of several myosins bind CaM-related proteins, such as
conventional (class II) myosin, myosin X and myosin IC from
Acanthamoeba castellanii [24,25]. Structural studies in conven-
tional myosins have demonstrated that the IQ motif adopts an
K-helical conformation that is stabilized by the CaM-related
proteins. In fact, the IQ motifs and bound light chains form a
rigid structure that serves as a mechanical lever [26]. The
number of IQ motifs determines the length of the lever arm
and hence the step-size of the myosin motor. However, the IQ
motifs and associated light chains are not merely passive me-
chanical devices, but also in£uence the chemo-mechanical
properties. The ELC of smooth muscle myosin II bound to
the ¢rst IQ motif has been observed to contact a loop in the
motor domain that modulates ADP release [27]. The RLC,
bound to the second IQ motif, is subject to regulation by
phosphorylation near its N-terminal region. This phosphory-
lation relieves the inhibition of motor activity imposed by the
dephosphorylated RLC and activates myosin function [28].
How the RLC communicates with the motor domain is cur-
rently not well understood. It might interact with the ELC or
modify the IQ-motif conformation that is being transduced to
the motor domain or it may modify interactions with the
second myosin motor domain in this double-headed conven-
tional myosin. In scallop muscle myosin that is activated by
Ca2, the Ca2 is ligated by cooperative interactions of the
ELC, the RLC and the IQ-motif sequences [29]. Unconven-
tional myosins with CaM light chains are sensitive to changes
in Ca2 concentration. The IQ-motif-binding a⁄nity of CaM
varies with the Ca2 concentration and the particular IQ mo-
tif. CaM exhibits a low a⁄nity N-terminal Ca2-binding lobe
and a high a⁄nity C-terminal Ca2-binding lobe. Therefore,
myosin function might be di¡erentially regulated depending
on whether neither, one or both lobes have Ca2 bound.
Based on structural analogies of the association of ELC and
RLC with the IQ motifs in conventional myosin, the C-termi-
nal lobe of apocalmodulin is thought to interact with the
IQXXXR portion of the IQ motif involving a change in
lobe conformation. The second half of the motif GXXXR
binds the N-terminal lobe with little e¡ect on its conforma-
tion. In the case of an incomplete IQ motif in which the gly-
cine and the arginine residues are replaced by two bulky hy-
drophobic amino acids, the N-terminal lobe will change
conformation upon binding. In bovine myosin IC (formerly
myosin IL) binding of Ca2 to the C-terminal lobe has been
demonstrated to inhibit in vitro motility and to elevate the
basal (actin-independent) ATPase-activity [30]. Further eleva-
tion of Ca2 also leads to the loss of one of the three CaMs
associated with the IQ motifs in myosin IC. Although in vitro
CaM can be removed from some IQ motifs by high Ca2
concentrations, it is not known whether this also occurs at
in vivo CaM concentrations. Inhibition of motility upon a
rise in Ca2 was noticed in several unconventional myosins.
However, the in£uence on the ATPase activity was either
stimulatory or inhibitory depending on the myosin studied
[31,32]. The conformational changes induced in CaM upon
Ca2-binding are modulatory for myosin ATPase activity
and do not act as on/o¡ switches. It is assumed that strain
acting on the head domain will also in£uence the ATPase
cycle. Strain could be altered by changing LCBD £exibility
or dimensions upon Ca2-mediated conformational changes
Table 1
Properties of the IQ motif
The region is a 20^25 residues long and K-helical with no proline residues.
The region may have partial or no amphipathicity with a net positive charge (usually 2+ to 5+).
A critical hydrophobic residue occurs at position 1.
The N-terminus of CaM or the myosin light chain interacts with the C-terminus of the target protein chain.
The 14-residue motif often occurs as multiple tandem repeats separated by 9^16 residues in myosins and in some non-myosin proteins.
The motif is sometimes the target of phosphorylation by PKC or PKA (e.g. neuromodulin, neurogranin)
In some proteins that act in a Ca2-dependent manner, the IQ motif may either conform to a 1-5-8-14 motif (RasGRP1) or act to bind and re-
tain CaM at low Ca2 levels.
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in CaM. Therefore, Ca2 regulation might be even more pro-
nounced under strained conditions. Thus, Ca2 via CaM in-
teracting with IQ motifs can regulate a wide range of myosin-
mediated cellular events that include membrane tra⁄cking,
cell movement and organization and signal transduction
[33]. CaM may also regulate the activity of some forms of
the microtubule-dependent molecular motors, dynein and ki-
nesin [34,35].
Table 2
IQ motifs of established and potential CaM target proteins
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1.4. Growth and cytoskeletal organization signaling
Neurospeci¢c GAP-43 and neurogranin were the ¢rst non-
myosin proteins to be identi¢ed as binding CaM through the
IQ motif, but their exact function has remained elusive. GAP-
43 is involved in outgrowth of axons and neurogranin with
the budding of dendrites [36]. GAP-43-like proteins accumu-
late at and modulate PI(4,5)P2 rafts conferring an intrinsic
competence for morphogenetic activity and regulated motility
[37]. GAP-43 may serve possibly to bind a localized reserve of
CaM that may be subject to PKC-induced release [38] or to
stimulate GDP/GTP exchange of GK0 and GKi for neuronal
development [39]. Another growth-related target of CaM in
the central nervous system is Ras GRF1, a Ca2/CaM-depen-
dent brain-speci¢c GTP exchange factor (GEF) that possesses
an IQ motif [40,41]. This SOS-like protein contains a CDC25
homology domain, which is responsible for GEF activity and
activation of small GTP-binding proteins (e.g. Ras and Rap).
The protein also contains a Dbl homology domain (DH)
£anked by both an IQ motif at its N-terminus and pleckstrin
homology domain (PH). Mutations in the DH or PH domain
prevent Ras-GRF1 activation by Ca2/CaM [42]. Other GEFs
regulated by Ca2 and additionally by diacylglycerol are the
Ras GRPs (guanyl nucleotide releasing proteins) that include
CalDAG-GEF I and II and a longer isoform of CalDAG-
GEF I designated RasGRP2 [43]. Activation of the Ras
GEF activity of CalDAG-GEF I by phorbol ester correlates
with its translocation to the plasma membrane [43]. Although
the CalDAG-GEFs do not bind CaM or have an IQ motif,
they do possess one or more EF-hand domains that under-
score a broader role for Ca2 in the regulation of GEF activ-
ity. The IQ motif in combination with EF-hand domains oc-
curs in a serine/threonine phosphatase of the Drosophila,
which is also known as retinal degeneration C protein, that
promotes dephosphorylation of rhodopsin and prevents light-
induced retinal degeneration [44]. Homologous proteins are
also present in mammals (PPEF-1 and 2) and are highly ex-
pressed in sensory neurons of cranial and dorsal root ganglia
[45,46]. Although the role of the IQ motif in the regulation of
the phosphatase is not known, the motif could conceivably
interact with the EF-hand domain to regulate the enzyme
activity. For the 800 kDa sarcomeric protein known as ob-
scurin that is associated with myo¢brillar organization, a Rho
GEF domain and a non-canonical CaM-binding IQ motif
have been identi¢ed in the C-terminal region [47].
The IQ motif also occurs in IQGap proteins that serve as
e¡ectors of Cdc42 and Rac, members of the Rho family of
p21 small GTPases in GTP-mediated signaling pathways. IQ-
Gap1 protein contains four IQ motifs in tandem, a catalytic
Table 3
Dual targeting via Ca2-dependent and Ca2-independent actions of CaM
+ Calcium 3 Calcium
Growth Ras GRF1/2 (CDC25)a Neuromodulin
IGLOO-L
Neurogranin
IQ GAP
Yeast IRAs (?)
PEP-19
Apoptosis DAP kinase
Plant ethylene up-regulated proteinsa
Channels Voltage-gated Ca2 channelsd Sodium channels (?)
Ca2-Activated K channelc;d
Calcium regulation Plasma membrane Ca2 pump Capacitative calcium channel (Trp4)d
Contraction, motility MLCK Conventional myosin (ELC/RLC)b
Troponin I (TNC)b Non-conventional myosins
NO synthase Dynein
Plant kinesin-like protein
Caldesmon
Cyclic nucleotide Adenylyl cyclases
Cyclic nucleotide phosphodiesterases
Olfactory/cNMP-regulated channel
Plant cNMP-regulated channela
Cytoskeletal/structural Utrophina Brush border myosin
K-Fodrin L-Spectrin
Caldesmon
MARCKS
Nina Ca
Mitosis NUF1/SP110p/kendrind ASP (Drosophila)
Plant kinesin-like protein SHA1 CaM-binding protein
Phosphorylation/dephosphorylation CaM-dependent kinases (I, II, IV) Protein phosphatases (EF-hand containing)
Calcineurin
Plant Ca2-dependent protein kinases
(CDPK, EF-hand protein)
Development Sperm surface protein
Inversin (?)
Miscellaneous Calspermin
p68 RNA helicasea
?: Not demonstrated to be modulated by CaM or an EF-hand protein. MLCK: Myosin light chain kinase
aIQ motif is present in Ca2-dependent CaM-binding protein.
bMediated by an EF-hand protein other than CaM.
cMediated by a unique binding motif.
dInvolves both Ca2-dependent and -independent CaM interactions.
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Gap-related domain, a calponin homology domain (29% iden-
tity to the Ca2-binding protein), a WW domain and a region
of unique repeats of 50^55 amino acids [48]. IQGap1 appears
to mediate homophilic cell^cell adhesion downstream of the
small GTPases, Cdc42 and Rac1, by a¡ecting the interaction
of E-cadherin and L-catenin [49]. Ca2-independent binding
of CaM to IQGap1 may prevent IQGap1 from interacting
with components of the cadherin^catenin complex, which
would promote enhanced E-cadherin-mediated adhesion [50].
The IQGap protein has also been implicated in cytokinesis of
yeast where it may be recruited to bud sites by the myosin
light chain, M1c1p, to promote actin association with the
actomyosin ring and contraction [51]. IQGap1 has also been
shown to interact with myosin ELC emphasizing the func-
tional similarity of the IQ motif in myosin and non-myosin
proteins such as IQGap1 [52].
1.5. Speci¢c and temporal signaling via the IQ motif
CaM signaling via the IQ motif in proteins can produce
speci¢c signaling that may be temporally both activating or
inactivating depending on the intracellular Ca2 levels. Re-
cently, studies of the voltage-operated Ca2 channels have
begun to de¢ne the physiological e¡ects resulting from inter-
action of CaM with the IQ motif. The intracellular C-termi-
nus of the K1c subunit of the L-type calcium channel in ex-
citable cells contains an IQ motif that is responsible for strong
facilitation as well as inactivation of the channel [53]. The IQ
motif is believed to behave as a calcium sensor for both pos-
itive and negative modulation of the voltage-operated Ca2
channel. Binding of the C-terminal lobe of CaM to the IQ
motif accelerates Ca2-dependent inactivation [54]. CaM also
regulates the P/Q-type Ca2-channel by promoting both facil-
itation and inhibition [55]. In the P/Q-type Ca2-channel,
Ca2 sensing, facilitation and inactivation domains and the
IQ motif were all found to reside at the C-terminus of the
K1A subunit. More recently, the modulation of the P/Q-type
channel has been attributed to an IQ-like domain at the
C-terminus of the K1A subunit [56]. Expression of a CaM
mutant with all four of its Ca2-binding sites disrupted elim-
inates both forms of modulation, con¢rming that CaM is the
calcium sensor for the channel. The IQ motif associated with
the L-type voltage channel is essential for the selective nuclear
signaling and speci¢c activation of the Ras/MAPK pathway
and transcription [57].
Mammalian capacitative calcium entry channels (Trp4
class) also contain one or more IQ motifs. Several studies
have already reported Ca2-dependent CaM binding at one
or more sites in the C-terminal region of the channel [58,59].
Also residing in the C-terminal portion of Trp4 and other Trp
channels are sites that interact with IP3 receptors [58,60]. Pre-
viously, distinct Ca2-dependent and -independent CaM-bind-
ing sites were also reported for the Trp-like channels of Dro-
sophila [61]. Binding of Ca2/CaM and the IP3 receptor may
control gating of the channel.
Sperm surface protein 17 (Sp17) contains a highly con-
served IQ motif in the C-terminus that binds equimolar
amounts of CaM in a Ca2-independent manner [62]. During
the acrosomal reaction the protein binds to the zona pelluci-
da, and the C-terminal portion is proteolysed, possibly aiding
in the release of CaM during sperm penetration and sperm^
egg fusion. Another IQ motif protein, inversin, encoded by
the inv gene and involved in left^right axis inversion during
embryonic development contains one to two IQ motifs in
addition to an ankyrin repeat region (Table 2). The mecha-
nism by which the protein induces axis inversion is unknown
[63,64]. The microtubule-based motor, left^right dynein
(LRD) is also implicated in asymmetry and organ orientation
[65]. Since certain dyneins have been reported to be associated
and regulated by CaM and several microtubulin-associated
proteins have IQ motifs, inversin may target the microtubular
system and modulate regulation by CaM. Interestingly, the
LRD of mouse shares 78% identity to the dynein-like protein
of rat (Table 2), but lacks its conserved IQ motif, suggesting
that inversin may act as a receptor for CaM regulation.
Kendrin, the human orthologue of Spc110p that links the
Q-tubulin complex to the core of the yeast spindle pole body
has two IQ motifs and a Ca2-dependent CaM-binding site in
the C-terminus [66]. The C-terminal binding site resembles the
1-5-8-14 motif that is also found in Spc110p of Saccharomyces
cerevisiae and in related sequences of Schizosaccharomyces
pombe, Aspergillus nidulans and mouse. Mutation of residues
within the Ca2-dependent binding site markedly decreases
CaM binding to kendrin. In highly mitotic breast cancer cells,
kendrin and pericentrin are limited to centrosomes of the
mitotic spindle and regulate spindle microtubules. In Droso-
phila, abnormal spindle protein (ASP) or microtubule-associ-
ated protein and a structurally related mouse protein, SHA1,
possess multiple IQ motifs (4 or 5) and are bound to the polar
region of the mitotic spindle, suggesting a role for CaM in
controlling mitotic microtubular activity [67,68]. Despite sim-
ilarities in localization and CaM association, the ASP and
kendrin do not share sequence homology. Further, kendrin
is restricted to the centrosome whereas ASP localizes in
both the centrosome and the spindle [66]. The presence of
Ca2-dependent and -independent CaM-binding sites in cer-
tain mitotic proteins may permit speci¢c and dual signaling
during cell division. Several widely expressed human genes
encoding SHA-like proteins containing six or more IQ motifs
have been reported in GenBank, but the proteins have not
been characterized. In addition to these multiple IQ motif-
containing proteins, myosin V may also have a role to play
in the organization and control of the mitotic spindle and
centrosome [69,70].
1.6. IQ motif signaling in plants
In plants a cyclic nucleotide-regulated ion channel interacts
with CaM in a Ca2-dependent manner [71,72]. The plant
channel and the olfactory cyclic nucleotide-regulated channels
are the only proteins so far known that possess binding sites
for both CaM and cyclic nucleotide. The role of CaM binding
to the plant channel may be similar to its role in binding to
the cyclic nucleotide-activated olfactory channel of mammals.
In the latter, Ca2/CaM decreases the a⁄nity of the channel
for cyclic AMP or cyclic GMP [73]. Based on synthetic pep-
tide studies, the CaM-binding site of the plant channel ap-
pears to be localized on the KC-helix in a region adjacent to
the IQ motif. Tryptophan residues present in a tetrapeptide
sequence, WRTW, near the C-terminal end of the peptide
were found to be important in the binding of CaM. The exact
role of the adjacent IQ motif in the activation has not been
examined, but its proximity suggests an additional binding
element for CaM. In contrast, the KC-helix of the olfactory
channel does not bind CaM. The CaM-binding site of the
olfactory channel is located near the N-terminus and corre-
FEBS 25623 21-2-02
M. Ba«hler, A. Rhoads/FEBS Letters 513 (2002) 107^113 111
sponds to the Ca2/CaM-dependent 1-5-8-14 motif. CaM-
binding motifs may be more diverse in plants because of the
existence of ¢ve genes encoding CaM/CaM-like proteins dif-
fering in sequence [74]. A high level of cyclic nucleotide-regu-
lated ion channel expression occurs in the secretory barley
aleurone cell, where Ca2, cyclic GMP and CaM are major
elements of gibberellic acid/abscisic acid signaling. The inhib-
itory response of the channel to CaM may permit these cells
to respond appropriately over a wide range of cyclic nucleo-
tide concentrations involved in plant stress signaling [71].
Another class of IQ motif-containing proteins that are in-
duced by the plant hormone ethylene have been identi¢ed
[75,76]. These proteins bind CaM and promote plant senes-
cence and death. The association between CaM signaling and
cell death is not unique. The existence of a Ca2/CaM-acti-
vated, cytoskeletal death-associated kinase (DAP kinase) that
shares homology with myosin light chain kinase, and is in-
duced in response to Q-interferon, is well established [77].
Although the speci¢c substrates of DAP kinase have not
been de¢ned, Mills et al. [78] suggested that apoptotic mem-
brane blebbling may be regulated by myosin light chain phos-
phorylation. Unlike DAP kinase, the Ca2/CaM-binding eth-
ylene-regulated protein of Arabidopsis has regions that are
characteristic of transcription factors and may act to induce
other proteins necessary for apoptosis.
A wide diversity of biological functions that parallel the
Ca2-dependent targets of CaM exists among the IQ motif-
containing proteins. These proteins include a variety of neuro-
nal growth proteins, myosins, voltage-operated channels,
phosphatases, Ras exchange proteins, sperm surface proteins,
a Ras Gap-like protein, spindle-associated proteins and sev-
eral plant proteins (Table 3). The IQ motif can trigger speci¢c
and complex signaling as described for the L-type calcium
channel and research on other target proteins should reveal
additional signaling roles.
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